Quantum cascade lasers (QCL) are one of the promising candidates for a THz light source because of semiconductor-based, compact, and high-power sources [1, 2] . The present operation frequency range of THz QCL spans from 1.2 THz [3] to 4.8 THz [4] . But the maximum operation temperature is 178 K [5], which limits their usefulness in applications such as spectroscopy and imaging. This low operation temperature is mainly attributed to small current dynamic range of devices. But increasing the current dynamic range is not easy task: the doping concentration in the injection layers cannot be high because the threshold current density (J th ) increases due to the free carrier absorption. One of the alternatives to improve temperature performance is to increase the characteristic temperature (T 0 ) of J th . Here we fabricate THz GaAs quantum cascade lasers and study the temperature dependence of J th . By comparing the temperature dependence of J th of mid-infrared (MIR) QCL, the mechanism of increasing J th with temperature is discussed.
Introduction
Quantum cascade lasers (QCL) are one of the promising candidates for a THz light source because of semiconductor-based, compact, and high-power sources [1, 2] . The present operation frequency range of THz QCL spans from 1.2 THz [3] to 4.8 THz [4] . But the maximum operation temperature is 178 K [5] , which limits their usefulness in applications such as spectroscopy and imaging. This low operation temperature is mainly attributed to small current dynamic range of devices. But increasing the current dynamic range is not easy task: the doping concentration in the injection layers cannot be high because the threshold current density (J th ) increases due to the free carrier absorption. One of the alternatives to improve temperature performance is to increase the characteristic temperature (T 0 ) of J th . Here we fabricate THz GaAs quantum cascade lasers and study the temperature dependence of J th . By comparing the temperature dependence of J th of mid-infrared (MIR) QCL, the mechanism of increasing J th with temperature is discussed.
Experimental
The THz GaAs/Al 0.15 Ga 0.85 As laser structure was grown on a semi-insulating GaAs (001) by molecular beam epitaxy (MBE) equipped with an As 2 valved cracker cell. The active and injection layers were designed using a scheme of the longitudinal optical (LO) phonon depopulation [6] . A single plasmon waveguide was employed for the optical confinement [2] . The 175 repeated active/injection layers was sandwiched between a 60 nm top contact layer and a 800 nm bottom contact layer. A 5 nm GaAs was grown on the top contact layer at the substrate temperature of 300 °C in order to form a non-alloyed ohmic contact.
After MBE growth, the wafer was processed into 220-µm-wide ridge structures using wet etching and photolithography. The back side of the substrate was thinned down to 200 µm by polishing, and the ridge laser structures were cleaved into 1.0-3.0 mm-long bars. The completed devices were mounted on a copper cold finger installed in a cryostat. Emission measurements were performed using a step-scan Fourier transform infrared spectrometer. Figure 1 shows current density-light output characteristics as a function of temperature. Current pulses of 200 ns width with a repetition frequency of 500 Hz were used. As shown in the inset of Fig. 1, lasing at 3 .8 THz was observed with J th of 1.2 kA/cm 2 at 5 K. Maximum operation temperature of this device was 103 K. T 0 =39 K was obtained by fitting data from 5 to 100 K. 
Results and discussion
electron-electron scattering increases J th of THz QCL when the temperature increases from 5 to 50 K whereas the LO phonon emission process, which is independent of the temperature in the range from 5 to 100 K, limits J th of MIR QCL. Also we found from this calculation that the lower temperature (≈50 K) which J th starts to increase is attributed to the thermally activated LO phonon scattering comparing with that of MIR QCL (≈90 K). Decreasing the thermally activated LO phonon scattering is expected to improve the temperature characteristics of THz QCL.
Conclusions
We fabricated THz GaAs/Al 0.15 Ga 0.85 As QCL operating at 3.8 THz by employing the LO phonon depopulation scheme and the single plasmon waveguide. The observed minimum J th at 5 K is 0.9 kA/cm 2 . The maximum operation temperature is 103 K, which is among the highest operation temperature of THz QCL using a single plasmon waveguide. We also studied the temperature dependence of J th and compared with MIR InAs/AlSb QCL. Our calculation indicates that the lower temperature (≈50 K) which J th starts to increase is attributed to the thermally activated LO phonon scattering comparing with that of MIR QCL (≈90 K). .
